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ABSTRACT 

Exhaust  emissions  were  measured  in  the  plume  of  a  J85-GE-5  turbojet  engine  as 
part  of  an  investigation  to  determine  the  impact  on  the  climate  of  a  fleet  of  supersonic 
aircraft  Hying  in  the  stratosphere.  Measurements  were  made  at  three  axial  stations  (0.22, 
9.3,  and  19.9  nozzle  diameters)  downstream  of  the  nozzle  exit  for  both  military  and 
partial  afterburning  power  at  Mach  numbers  and  simulated  altitudes  of  Mach  1.6/55,000 
ft  and  Mach  2.0/65,000  ft.  A  continuous  sampling  technique  was  used  to  measure  carbon 
dioxide,  carbon  monoxide,  total  unburned  hydrocarbons,  oxides  of  nitrogen,  and 
particulates.  The  experimental  results  were  compared  with  the  calculated  emission  profiles 
and  were  in  good  agreement.  The  results  represent  the  only  available  full-scale  turbojet 
engine  emission  data  to  date  which  have  been  obtained  at  simulated  high  altitude  with 
a  supersonic  external  stream. 
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. iiCTION  I 

INTRODUCTION 

The  unknown  environmental  impact  of  a  fleet  of  supersonic  aircraft  operating  in 
the  stratosphere  has  resulted  in  a  Department  of  Transportation  (DOT)  investigation  named 
the  Climatic  Impact  Assessment  Program  (CIAP).  The  results  from  this  program  will  be 
used  to  assess  the  climatic  impact  of  exhaust  emissions  from  turbine-powered  aircraft 
operating  in  the  stratosphere  as  projected  to  the  year  1990  (Ref.  1).  The  CIAP  wilt  provide 
a  data  base  for  six  monogruphs: 

1.  "The  Natural  Stratosphere  of  1974" 

2.  "The  Engine  Emissions  on  the  Stratosphere  of  1990" 

3.  "The  Perturbed  Stratosphere  of  1990" 

4.  "The  Perturbed  Troposphere  of  1990  and  2020" 

5.  "The  Biological  Effects  of  the  Tropospheric  Changes" 

6.  "The  Social  and  Cost  Measures  of  the  Biological  Changes" 

The  exhaust  emission  data  presented  in  this  report  will  provide  valuable  information  for 
the  second  monograph  and  should  add  greatly  to  the  state  of  the  art  of  aircraft  turbine 
engine  emissions.  The  data  presented  are  the  only  known  emission  data  which  have  been 
obtained  at  simulated  high  altitude,  using  a  full-scale,  turbojet  engine. 

The  test  was  conducted  in  the  Propulsion  Wind  Tunnel  (PWT),  Supersonic  (16S)for 
DOT  using  a  General  Electric  J85-GE-5  turbojet  engine  (Ref.  2)  mounted  in  an  isolated 
nacelle  with  a  NASA/ Lewis  Research  Center,  mixed  compression,  axlsymmetric,  supersonic 
inlet  (Ref.  3).  The  objective  of  the  PWT  test  was  to  determine  the  influence  of  the  mixing 
of  the  engine  exhaust  gases  with  the  external  supersonic  free-stream  flow  on  the  exhaust 
emissions  of  a  full-scale  turbojet  aircraft  engine. 

A  special  rotating  sampling  probe  was  designed  by  PWT  engineers  to  withstand  the 
2000°K  (3600“R)  engine  exhaust  as  well  as  to  maintain  the  gas  sample  at  422  ±  S.6°K 
(760  ±  10°R)  while  it  was  pumped  through  a  3.5  to  42.6  m  (110  to  140  ft)  length 
of  gas  transfer  line  to  the  gas  analyzer.  The  gas  analysis  system  used  was  originally  designed 
(Ref.  4)  and  used  by  the  Engine  Test  Facility  (ETF)  to  measure  the  exhaust  emissions 
at  the  nozzle  exit  of  General  Electric  J93-GE-3  afterburning  turbojet  engine  (Ref.  5). 
A  continuous  sampling  technique  was  used  to  obtain  measurements  of  carbon  monoxide 
(CO),  carbon  dioxide  (COj),  nitric  oxide  (NO),  nitrogen  dioxide  (NO2),  other  oxides  of 
nitrogen  (NO*),  and  the  total  hydrocarbons  (THC).  The  particulate  emissions  were  also 


measured  using  gravimetric  filters  und  electrostatic  grids,  All  measurements  were  made 
in  general  accordance  with  SAE  ARP  1256  (Ref.  6).  A  continuous  sample  ef  the  flow 
approaching  the  inlet  was  also  maintained  to  monitor  the  concentrations  of  COi  and  THC 
recirculated  in  the  wind  tunnel. 

A  method  of  calculating  the  exhaust  plume  characteristics  and  the  emission 
concentration  profiles  Is  presented,  and  comparisons  with  the  experimental  data  are  shown. 

SECTION  II 
APPARATUS 

2.1  TEST  FACILITY 

Tunnel  16S  is  a  closed-circuit,  continuous-flow  wind  tunnel  that  can  be  operated 
over  a  nominal  M-,ch  number  range  from  1.50  to  4.75.  For  this  test,  engine  exhaust 
products  were  removed  from  the  tunnel  atmosphere  by  a  183-m  (,6-ft)  diameter  open, 
sharpsilp,  scavenging  scoop  located  10.62  m  (34.9  ft)  downstream  of  the  engine  nozzle 
exit  as  shown  in  the  installation  sketch  (Fig,  1,  Appendix  I)  and  in  the  photograph  (Fig. 
2). 

2.2  TEST  ARTICLE 
2.2.1  Inlet/Engine  Model 

The  inlet  used  in  this  investigation  was  as  axisymmetric  mixed-compression  inlet  (Fig. 
3)  on  loan  from  the  NASA  Lewis  Research  Center,  and  its  performance  and  description 
has  been  well  documented  in  Refs.  3,  7,  and  8.  External  compression  was  accomplished 
with  a  12.5-deg  half-angle  conical,  remotely  translatable  centerbcdy.  Inlet  boundary-iayer 
removal  was  accomplished  by  suction  through  porous  sections  on  the  centcrbody  and  cowl 
surfaces  with  the  bleed  flow  being  discharged  overboard.  The  aft  porous  section  of  the 
cowl  bleed  was  sealed  closed,  and  only  the  forward  cowl  bleed  was  used.  There  were 
provisions  for  engine  cooling  by  the  remotely  operable  ejector  bypass  valves  which 
discharged  into  the  engine  nacelle.  Inlct/cngine  airflow  matching  was  accomplished  with 
overboard  bypass  doors.  A  control  system  was  designed  and  fabricated  that  permitted 
the  inlet  shock  position  to  be  maintained  during  engine  transients  by  appropriately 
controlling  the  position  of  the  overboard  bypass  doors. 

The  engine,  a  General  Electric  J85-GE-5,  S/N  E230336,  (the  same  engine  used  during 
the  sea-level  tests  of  Ref.  9)  is  a  single-rotor,  afterburner-equipped  turbojet.  The  engine 
compressor  is  an  eight-stage  fixed-stator  unit  with  interstage  bleed  valves  which  extract 
air  from  Stages  3,  4,  and  5;  the  bleed  air  was  discharged  overboard,  Variable  inlet  guide 
vanes  operated  in  conjunction  with  the  interstage  bleed  valves.  An  ejector  nozzle  shroud 
which  had  an  exit  diameter  of  0.455  m  (17.9  in.)  was  fitted  to  the  primary  exhaust 
nozzle  as  shown  in  Fig.  4. 
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The  distances  to  the  three  axial  posTons  of  the  emission  sampling  probe  (Fig,  1) 
were  measured  from  the  plane  of  the  nozzle  shroud  exit,  but  the  primary  nozzle  exhaust 
plane  was  about  0.14  m  (5.5  in.)  upstream  of  the  shroud  plane  at  military  power  levels 
and  about  0.157  m  (0,2  in.)  upstream  at  the  augmented  power  conditions.  A  more  detailed 
engine  description  may  be  found  in  Ref.  2. 


The  engine  nacelle  and  model  support  system  were  designed  by  Boeing  Company  for  a 
■previous  test  requiremen*.  All  fire-fighting  equipment,  fuel,  externally  supplied  air,  electrical 
.  control  caoles,  pressure  and  eloctiica!  signals,  etc.,  were  supplied  through  the  support  strut 
(see  Figs,  1  and  2).  The  Inlet  was  mounted  to  the  engine  nacelle  using  a  PWT-designed 
adapter  which  provided  a  cylindrical  flow  path  for  the  primary  engine  air  from  the  inlet  and 
additional  passuge;  for  the  inlet  ejeetor/engine  nacelle  cooling  airflow  (see  Fig,  3b).  A 
free-stream  gas  sample  probe  was  provided  in  the  support  system,  immediately  above  the 
inlet  (Fig,  i),  so  that  the  tunnel  atmospheric  concentrations  of  CO2  and  THC  could  be 
periodically  sampled  during  the  test,  thereby  ensuring  that  the  scavenging  scoop  was 
capturing  all  of  the  engine  exhaust  products  and  that  the  tunnel  atmosphere  was  not 
being  contaminated. 


2.2.2  Exhaust  Emission  Sampling  Probe 


A  sketch  of  tlie  PWT-designed  exhaust  emission  sampling  probe  is  given  in  Fig.  5. 
The  rotary  probe  arm  could  be  positioned  from  the  vertical  plane  of  the  support  strut 
to  ±180  deg.  The  probe  support  strut  could  be  rotated  approximately  ±30  deg  from 
the  vertical,  except  in  axial  position  one,  where  travel  was  limited  to  between  +19  and 
+34  deg  (looking  upstream)  to  prevent  interference  with  the  engine  nacelle.  By 
appropriately  positioning  the  main  probe  support  strut  and  the  rotary  probe  arm,  exhaust 
gas  emissions  in  a  2.3-m  (7-ft)  diameter  circle  and  over  an  arc  length  of  3.96  m  (13 
ft)  could  be  sampled  in  a  plane  perpendicular  to  the  free-stream  airflow  at  probe  axial 
position  two  (mid  position)  (Fig.  2)  and  probe  axial  position  three  (aft  position)  (Fig. 
6a).  At  axial  probe  position  one  (nozzle  exit  position)  (Fig.  6b),  the  area  was  reduced, 
but  the  complete  exhaust  stream  could  still  be  sampled.  The  radluls  which  were  surveyed 
at  each  probe  position  arc  shown  in  Fig.  7. 


The  sample  line  was  constructed  from  304  stainless  steel  tubing  1.27  cm  (0.50  in.) 
OD  by  0.089  cm  (0.035  in.)  wall  thickness  and  was  maintained  at  this  ID  except  at  three 
locations  where  it  was  required  to  enlarge  the  ID  to  1.27  cm  (0.50  in.)  for  short  distances 
through  bends  in  the  probe  support  structure.  Bends  in  the  sample  line  were  kept  fo 
a  minimum  with  the  smallest  bend  radius  being  1. 5-in.  radii  in  the  motor  drive  assembly.  A 
special  flow  splitter  was  designed  to  divide  the  flow  between  the  gaseous  emission  and  the 
particulate  emission  instrumentation  with  a  minimum  of  disturbance. 


2.2.3  Sample  Conditioning  System 


A  unique  sample  probe  design  was  required  in  that  not  only  was  the  probe  to  be 
cooled  to  withstand  the  2000°K  (3600nR)  engine  exhaust,  but  the  gas  sample  must  be 
quenched  very  rapidly  and  must  he  maintained  at  422  ±  5.6°K  (760  ±  I0°R)  as  it  is 
pumped  along  the  long  transfer  lines  to  the  analyzer  to  prevent  condensation  of  the  various 
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gaseous  constituents  (particularly  the  unburned  hydrocurbons).  The  exhaust  gas  transfer 
line  from  the  sample  probe  to  the  analyzer  had  lengths  of  35,0,  39,6,  and  42.6  m  (1 15, 
130,  and  140  ft),  respectively,  for  probe  positions  I,  2,  and  3.  The  entire  length  of  the 
transfer  line  from  probe  tip  to  the  analyzer  wus  concentrically  water-jacketed  to  maintain 
the  gus  temperature  constant  with  the  exception  of  two  short  sections  (approximately 
0,305  in)  (I  ft)  where  a  t,27-cm  (0.5-in.)  inside  diameter  Teflon®  line  wos  used  and 
wrapped  with  external  heater  tape.  A  schematic  of  the  sample  conditioning  system  is  shown 
in  Fig.  8. 

Within  the  analyzer,  the  sample  temperature  was  maintained  at  422  ±  5.6UK  (760 
±  10aR)  up  to  the  hydrocarbon  analyzer  which  was  located  nearest  the  unalyzer  inlet, 
Tlie  exhaust  sample  was  (lien  maintained  at  339  +  2,8°K  (610  ±  5°R)  throughout  the 
remainder  of  the  analyzer.  Bellows  pumps,  located  at  the  analyzer  inlet,  were  used  to 
pump  the  gas  sample  from  the  probe  inlet  at  a  pressure  of  2,07  to  3.45  N/cm*  (3.0 
to  5.0  psia)  to  the  analyzer  inlet  at  the  10,32  N/cm2  (15  psia)  required  by  the 
instrumentation.  A  back  pressure  regulator  located  on  the  downstream  end  of  the  sample 
line  in  the  analyzer  console  was  used  to  control  the  line  pressure  from  the  bellows  pumps. 
The  sample  line  and  each  of  the  emission  instruments  utilized  a  common  overboard  vent 
through  which  the  emission  sample  was  discharged. 

2.3  INSTRUMENT  AT  IOM 

Steady-state  data  obtained  during  this  investigation  were  digitized  and  scanned,  and 
raw  data  inputs  were  recorded  on  magnetic  tape  by  the  PWT  Raytheon  520®  digital 
computer.  The  raw  data  were  reduced,  selected  parameters  were  printed  in  the  Control 
Room  on  a  line  printer  operating  in  conjunction  with  the  computer,  and  computed 
parameters  were  written  on  magnetic  tape. 

2.3.1  Inlet 

The  32  cenlerbody  (spike)  surface  static  piessures  and  20  internal  cowl  surface  static 
pressures  on  the  inlets  were  measured  by  the  RWT  pressure  system  and  were  monitored 
in  the  Control  Room  for  inlet  operation.  Compressor-face  total-pressure  recovery, 
distortion,  and  primary  engine  airflow  were  computed  from  six,  ten-tube,  total-pressure 
rakes  with  static  taps  at  the  cowl  ami  afterbody  walls  of  each  rake.  This  instrumentation 
array  d  ig.  9)  was  located  in  the  subsonic  diffuser  of  the  inlet,  upstream  of  the  engine 
compressor  face  (Fig.  3b).  Additionally,  the  cenlerbody  bleed,  cowl  bleed,  ejector  bypass, 
and  overboard  bypass  flows  wore  metered  using  appropriate  pressure  instrumentation. 

Two  model-mounted  strain-gage  transducers  were  used  for  inlet  operation.  The  one 
sensing  the  total  pressure  in  the  subsonic  diffuser  was  used  for  monitoring  inlet  stability, 
and  the  other  transducer  sensed  a  cowl  surface  static  pressure  downstream  of  the  normal 
shock  in  the  subsonic  diffuser  for  inlet  overboard  bypass  control. 
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The  overboard  bypass  doors  could  be  operated  either  manually  or  in  a  closed-loop 
mode  with  the  feedback  being  the  signal  from  the  cowl  surface  pressure  transducer.  This 
system  controlled  the  position  of  the  inlet  normal  shock  by  maintaining  a  pre-set  surface 
static  pressure.  This  was  accomplished  by  opening  the  bypass  doors  when  the  pressure 
began  to  rise  and  conversely,  to  close  the  doors  when  the  pressure  began  to  decrease. 

Spike  axial  position,  each  of  the  six  overboard  bypass  door  positions,  and  the  ejector 
bypass  door  positions  were  monitored  and  recorcd  by  the  PWT  dato '  systems. 

2.3.2  Engine 

The  engine  had  the  minimum  amount  of  instrumentation  required  for  safe 
engine/facility  operation.  Measured  were;  power  lever  angle;  nozzle  and 
interstage-bleed-vulve/inlet-gulde-vane  positions;  engine  rotor  speed;  vibrations  from  the 
forward,  main,  and  turbine  frames;  primary  ai  d  total  fuel  flows;  temperature,  and  pressures 
which  include  oil  tempera tuies  and  pressures,  compressor  discharge  static  pressure,  turbine 
discharge  temperature,  engine  skin,  and  nacelle  environment  temperatures. 

2.3.3  Gas  Sample  Probe 

Both  the  main  probe  support  strut  and  the  rotary  probe  arm  were  instrumented  so 
that  the  angular  position  of  each  was  displayed  in  the  Control  Room  and  recorded  on 
the  data.  The  total  temperature  (TTJ)  of  the  gas  sample  was  measured  by  an 
iridiurn-iridium/rhodhim  thermocouple  located  5.09  cm  (2  in.)  from  the  sample  orifice 
on  the  rotary  probe  arm  tsee  Fig.  5).  There  was  sufficient  instrumentation  along  the  sample 
conditioning  line  so  that  the  gas  sample  temperature  could  be  maintained  at  the  required 
422°K  (760°R),  and  instrumentation  was  also  available  to  sense  the  probe  structural 
temperature  so  that  sufficient  cooling  water  flow  was  maintained. 

The  impact  pressure  in  the  exhaust  stream,  PTJ,  was  measured  with  the  sample  probe 
and  was  recorded  by  a  transducer  located  just  below  the  lower  probe  strut  assembly. 
The  flow  of  the  gas  sample  was  stopped  by  valves  located  in  the  sample  line  at  the  bellows 
pump  inlet  when  an  exhaust  impact  pressure  survey  was  being  taken. 

2.3.4  Gaseous  Emission 

The  gaseous  emissions  contained  in  the  engine  exhaust  were  measured  with  seven 
instruments  designed  to  identify  and  measure  the  concentration  of  six  gas  constituents, 
A  photograph  of  the  instrument  console  is  shown  in  Fig,  10.  The  constituents  measured 
were  total  unburned  hydrocarbons  (THC),  nitrogen  oxide  (NO),  nitrogen  dioxide  (NO2), 
oxides  of  nitrogen  (NO);),  carbon  monoxide  (CO),  and  carbon  dioxide  (COj).  The 
instruments  used  employ  various  techniques  to  measure  the  consituents  of  interest,  and 
each  is  briefly  described  below.  Each  instrument  is  identified  in  Tabic  1  (Appendix  II). 
A  more  detailed  description  of  the  operating  principles  of  the  instruments  can  be  found 
in  Ref.  4. 
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2.3.4. 1  Hydrocarbon  Measurement 

Unburned  hydrocarbons  were  measured  with  the  Beckman  Model  402  Hydrocarbon 
Analyzer.  This  instrument  is  classified  as  a  flame  ionizu  ion  detector  (FID)  and  utilizes 
a  hydrogen-rich  flame  through  which  the  sample  gas  is  passed.  The  unburned  hydrocarbons 
In  the  sample  gas  are  t  urned  and  an  increase  In  ionized  particles  results.  The  Ions  are 
collected  on  a  plate  Inserted  in  the  area  just  above  the  hydrogen  flame.  An  electrical 
current  proportional  to  the  hydrocarbon  concentration  is  induced  on  the  collector  plates 
by  the  ionized  hydrocarbons.  The  magnitude  of  the  current  is  amplified  and  measured 
for  concentration  calculation.  The  current  magnitude  Is  also  displayed  on  a  meter  located 
on  the  analyzer  console  for  test  monitoring,  A  schematic  of  the  hydrocarbon  instrument 
is  presented  in  Fig,  1  la, 

2.3.4.2  Oxides  of  Carbon  Measurement 

The  instruments  used  to  measure  concentrations  of  carbon  monoxide  and  carbon 
dioxide  are  classified  as  Nondispcrsive  Infrared  (NDIR)  detectors.  This  type  of  analyzer 
uses  an  infrared  source,  sample  and  reference  cells,  a  detector,  and  an  electronic  signal 
processor.  Figure  lib  is  a  schematic  of  a  typical  infrared  detector.  An  infrared  light  is 
shown  to  a  detector  through  two  cells  containing  gas.  The  gas  in  the  reference  cell  (nitrogen) 
is  nonabsorptive  in  the  infrared  band  while  the  sample  gas  passing  through  the  other  cell 
absorbs  energy  proportional  to  the  values  of  OCO  or  CCOj.  Because  of  the  energy 
ubsorption  in  the  sample,  the  gas  within  the  two  detector  chambers  is  unevenly  heated, 
and  a  pressure  difference  results.  This  pressure  difference  is  proportional  to  the 
concentration  of  the  compound  of  interest  in  the  sample  cell. 

Three  nondispersive  infrared  detectors  were  used  to  measure  CCO  and  CCO2.  Two 
of  the  instruments,  Beckman  315B  and  3 )  5 BL,  measured  CCO.  The  difference  in  the 
two  instruments  lies  in  the  length  of  the  cells.  The  longer  cell  length  is  used  to  measure 
lower  values  of  CCO.  The  CCOj  was  measured  with  a  Beckman  315B.  The  long  cell 
instrument  was  not  necessary  for  CCO 2  measurement  because  the  value  of  CCO2  in  a 
turbojet  exhaust  is  always  verv  high. 

2.3.4.3  Oxides  of  Nitrogen 

A  chemiluminescence  analyzer  was  used  to  determine  the  values  of  nitrogen  oxide 
(CNO)  and  the  oxides  of  nitrogen  (CNOx).  This  analyzer  utilizes  the  principle  that  ozone 
(O3)  when  combined  with  certain  compounds  pioduces  a  luminous  emission.  The  emitted 
tight  is  proportional  to  the  number  of  reacting  molecules  which  can  be  related  to 
constituent  concentration  if  pressure,  temperature,  and  How  rale  are  maintained  constant 
through  the  analyzer,  and  an  excess  of  63  exists. 

Both  CNO  and  CNOx  were  measured  using  a  Thermo-Electron  Corporation  (TECO) 
tOA  chemiluminescence  instrument.  The  instruments  differed  only  in  that  for  the  CNOx 
measurement  the  instrument  hud  a  CNO2  to  CNO  converter  which  broke  CNO2  down 
to  CNO,  A  schematic  of  the  TECO  I0A  analyzer  is  shown  in  Fig.  lie. 


6 


AiOC-T  R-?3=103 


2.3.4, 4  Nitrogm  Dioxide  (N0V) 

A  nondlsperslve  ultraviolet  (MDUV)  analyzer  (Beckman  255  BL)  was  used  to  measure 
the  value  of  CNO2 ,  This  type  of  analyzer  is  similar  to  the  nondlsperslve  Infrared  analyzer 
described  earlier  with  the  exception  that  an  ultraviolet  light  source  replaces  the  infrared 
source,  and  the  light  beam  energy  is  measured  directly  using  a  photo  cell  detection  device 
rather  than  sensing  pressure  changes  as  described  in  the  infrared  system.  The  ratios  of 
the  received  energy  from  the  two  beams  is  proportional  to  the  value  of  CNO2  in  the 
sample  gas.  A  schematic  of  the  NDUV  analyzer  is  presented  In  Fig,  lid.  All  emission 
instruments  operuted  well  except  the  NDUV.  The  physical  method  of  measuring  the  signal 
was  sensitive  to  many  things.  The  limitations  of  this  instrument  is  discussed  in  Appendix 
111. 

2.3.5  Particulate  Emission 

Two  methods  of  determining  particulate  concentration  in  the  turbojet  emission  were 
used.  The  two  methods  are  described  below, 

2.3.5. 1  Gravimetric  Filters 

Five-micron  absolute  filters  which  had  been  autoclaved  and  weighed  prior  to  use  were 
employed  in  conjunction  with  a  gas  flow  totalizer  (wet  test  meter)  to  determine  the  weight 
of  particulates  per  standard  cubic  foot  of  emission  gas  (Fig.  10).  The  total  particulate 
accumulation  was  determined  by  substractlng  the  weight,  of  the  exposed  Filter  from  its 
weight  prior  to  use  and  by  dividing  this  delta  weight  by  the  totul  gas  flow  passing  through 
the  Filter. 

2.3.B.2  Electrostatic  Capture  Grid 

An  electrostatic  precipitator  is  used  to  charge  the  particles  contained  in  the  sample 
stream.  These  charged  particles  are  drawn  onto  a  grid  of  opposite  charge  and  are  captured. 
Particle  size  and  distribution  can  be  determined  from  the  grid  with  the  aid  of  an 
electron-microscope.  Data  were  obtained  by  manual  analysis  which  was  performed  by  the 
DOT. 

2.3.6  Gas  Constituted  Measurement  Variances 

Table  II  presents  the  instrument  accuracies  based  on  information  provided  by  the 
instrument  manufacturer  with  the  exception  of  the  CNO,  CNOx,  and  CNOs  instruments 
which  were  taken  from  Ref.  10.  The  nominal  accuracies  quoted  are  from  ±1.0  to  ±5.0 
pei cent  of  full-scale  reading  depending  upon  the  range  of  interest,  which  is  within  the 
accuracies  specified  by  the  SAb  Committee  H-3 1  (Ref.  6)  lor  measurements  excluding 
sampling  technique  inaccuracies. 

All  measurements  of  the  gas  concentrations  will  have  inaccuracies  introduced  by  the 
sampling  teehliique.  Ouiiiu  ui  the  m.iu  ui  iiwm  to  lit  uuii.iidcrcd  tii'C  iiitCi  iCi'CiiCC  ii'i  iliC 
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instrument  caused  by  water  present  in  the  sampling  gas,  instrument  sensitivity  to 
constituents  other  than  the  constituent  being  measured  by  a  given  instrument  and,  in 
the  case  of  nitrogen  dioxide  (NOj)  and  carbon  dioxide  (CO2),  conversion  in  the  sample 
line  from  the  dioxide  state  to  the  monoxide  state.  Table  III  lists  the  results  of  NO2  and 
CO2  conversion  checks  conducted  for  this  investigation.  The  gas  was  introduced  at  the 
sample  probe,  and  measurements  were  taken  at  two  gas  sample  line  temperatures  (150 
and  300“F),  Sample  line  temperature  had  a  pronounced  effect  on  the  amount  of  conversion 
from  NO2  to  NO;  however,  the  effect  of  temperature  was  less  pronounced  on  the 
conversion  from  CO2  to  CO,  The  conversion  Investigation  conducted  also  revealed  an  effect 
of  time  on  the  percent  of  conversion.  As  time  increased,  the  percent  conversion  for  both 
NO2  and  CO2  decreased.  Insufficient  data  were  taken,  however,  to  make  a  definitive 
statement  other  thun  to  observe  that  the  phenomenon  exist' 

Water  interference  and  cross  constituent  interference  cuecks  (effect  of  one  constituent 
on  an  instrument  designed  to  measure  another)  were  '-onducted,  and  no  interference  on 
any  of  the  instruments  was  observed. 

At  the  conclusion  of  the  test,  a  commercial  calibration  gas  cross-reference  service 
was  also  used  at  the  request  of  DOT  to  verify  overall  operation  of  the  emission  measurement 
system.  This  service  provides  gases  having  the  same  concentration  of  predetermined 
constituents  to  each  of  its  users.  The  certified  values  of  the  concentrations  are  not  made 
available  to  the  user  until  after  the  results  have  been  submitted  to  DOT.  The  concentrations 
were  measured  with  the  instrumentation  system  and  calibration  gases  used  during  the  test, 
and  a  report  of  the  results  was  made  to  DOT.  The  results  of  the  cross-reference  service 
jj  check  show  very  good  agreement  in  Table  IV  with  the  supplier  as  well  as  the  majority 

jj  of  the  users  of  this  service  (Refs.  11  and  12). 

!  SECTION  III 

l  PROCEDURES 

•  k 

|  Prior  to  the  test,  a  fuel  sample  was  taken  from  the  single  batch  of  JP-5  fuel  that 

|  was  used  during  the  test  and  was  analyzed  by  the  AEDC  chemical  laboratory  to  determine 

(  the  hydrogen-carbon  ratio  and  the  trace  element  conteni.  A  report  of  this  analysis  is  given 

|  in  Table  V.  Military  JP-5  fuel  was  used  throughout  the  test  program  and  is  quite  similar 

to  commercial  Jet  A-l. 

1 

|  Engine  inlet  pressure  and  temperature  settings  during  the  test  program  were 

I  determined  from  the  geopotential  altitude  values  of  the  U.  S.  1962  standard  Atmosphere 

l  Tables. 

I 

:  Flow  visualization  of  the  engine  exnaust  was  accomplished  at  tunnel  stations  13,7 

I  and  24.4  by  the  use  of  a  shadowgraph  for  selected  test  conditions. 
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3.1  TEST  OPERATION 

During  the  tunnel  starting  sequence,  the  inlet  was  manually  controlled  with  the  spike 
extended  and  the  overboard  and  ejector  bypass  doors  open,  After  supersonic  flow  was 
established  In  the  wind  tunnel,  which  occurred  at  low  tunnel  total  pressure,  the  tunnel 
pressure  was  gradually  increased  to  the  desired  level,  and  the  spike  was  gradually  retracted 
to  keep  the  inlet  from  operating  too  supercritically.  When  the  tunnel  was  at  the  desired 
test  conditions  (Mach  2.00/G5,000  ft,  T,_  -  390°K  (702°R)  or  Mach  160/55,000  ft,  Tt-  - 
328°K  (S90°R)),  the  scavenging  scoop  suction  was  set,  and  the  inlet  spike  was  translated  to 
the  desired  position.  The  ejector  bypass  door  was  then  closed  to  set  the  inlet  normal  shock 
at  the  desired  position,  At  the  point,  the  inlet  was  placed  in  an  automatic  control  mode  so 
that  the  overboard  bypass  doors  modulated  automatically  to  maintain  the  inlet  diffuser 
pressure,  and  hence,  the  normal  shock  position.  At  both  the  conditions,  engine  ignition  was 
possible  from  the  windmill  condition  with  the  JP-5  fuel  required  for  the  test.  All  testing  was 
accomplished  with  the  model  at  O-deg  angle  of  attack. 

After  the  engine  was  brought  to  the  desired  power  level  (military  or  partial 
afterburning  power),  the  exhaust  gas  sample  probe  was  positioned  into  the  exhaust  gas 
stream,  and  data  were  taken  at  discrete  locations  In  horizontal,  vertical,  and/or  diagonal 
planes  through  the  exhaust  plume.  It  was  normally  possible  to  obtain  data  in  a  given 
plane  of  interest  (10  to  15  data  points)  in  one-half  to  one  hour.  This  could  be  accomplished 
in  one  continuous  time  period  for  the  military  power  settings;  however,  In  afterburning 
power,  it  was  not  possible  to  maintain  the  engine  setting  for  more  than  about  15  min 
without  exceeding  the  engine  skin  temperature  limits.  Therefore,  during  afterburning,  the 
engine  was  reduced  in  power  after  each  four  or  live  points  for  cooling.  It  normally  required 
three  periods  at  afterburning  power  to  obtain  one  complete  plume  survey. 

Care  was  taken  to  set  the  total  fuel  flow  at  the  same  level  during  each  test  period 
at  a  given  power  setting  to  ensure  compatibility  in  the  data  when  making  various 
comparisons.  Regular  samples  of  the  free-strcam  flow  entering  the  inlet  were  taken  to 
check  the  possible  contamination  of  the  tunnel  air  with  the  exhaust  constituents  which 
were  not  captured  by  the  capture  scoop.  Measurements  of  the  levels  of  CCOj  and  CTHC 
were  used  as  indications  of  contamination. 

3.2  GAS  ANALYZER 

The  emission  sample  transport  line  was  temperature  conditioned  to  422°K  (760  ± 
1 0°R)  approximately  four  hours  prior  to  testing  and  was  maintained  at  that  temperature 
throughout  the  test  period.  Calibration  of  the  seven  instruments  for  measuring  the  gas 
constituents  was  accomplished  immediately  prior  to  the  start  of  the  test  period  and  at 
approximately  two-hour  intervals  during  the  test  period  using  calibration  gases  consisting 
of  a  mixture  of  known  concentrations  of  each  constituent  of  interest  (CTHC,  CCO,  CCOj, 
CNO,  and  CNO2)  in  nitrogen.  The  calibration  gas  concentrations  used  in  data  reduction 
are  presented  in  Table  11.  These  certified  calibration  gases  were  provided  by  Scott  Research 
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Laboratory,  Plumsteadvillc,  Pennsylvania.  Instrument  zero  levels  were  set  using  a  "zero" 
calibration  gas  which  consisted  of  "bone-dry"  (99.998  percent  pulty)  nitrogen.  A 
calibration  curve  on  each  instrument,  provided  by  the  manufacturer,  which  established 
a  millivolt/concentration  relationship  for  each  Instrument  range  was  programmed  into  the 
on-line  digital  computer.  A  single  point  calibration  on  each  instrument  tange  was  obtained 
with  i  calibration  gas  and  was  applied  to  the  millivolt/concentration  relationship. 

The  procedure  followed  during  the  test  after  the  instalments  were  calibrated  was 
to  set  tire  gas  sample  pressure  at  approximately  10.32  N/cm2  (15  psia)  using  the  bellows 
pumps  (Fig.  8)  and  to  check  that  the  gas  temperatures  were  maintained  at  422°K  (760°R) 
for  the  hydrocarbon  instrument  and  at  339“K.  (610°R)  for  the  remaining  instruments.  Orn;e 
engine  conditions  and  probe  position  were  established,  the  analyzer  instruments  were 
observed  until  steady-state  was  established,  at  which  point  data  were  obtained  through 
the  on-line  digital  computer.  At  selected  test  condition*,  sample  bottles  were  also  filled 
whh  exhaust  gas  for  future  analysis  by  the  University  of  California  at  Los  Angeles, 
California. 

The  free  stream  gaseous  emissions,  CTHC  and  CCO^,  v/'nieh  wer  ;  monitored  regularly 
r'i  Tie  engine  inlet  station  were  found  not  to  exist  in  significant  concentrations  during 
:.hts  test,  except  during  long  periods  of  afterburning  power  when  a  noticeable  increase 
(10  to  20  ppmv)  was  noted  in  CTHC,  The  normal  tunnel  operating  level  produced 
approximately  10  ppmv.  This  influence  on  the  data  was  minimized  by  limiting  the  engine 
power  setting  when  in  afterburning  to  15  min.  The  free- stream  levels  of  CTHC  are  noted 
on  the  results  where  it  exceeded  20  ppmv. 

3.3  PARTICULATE  SAMPLING 

The  gravimetric  filters  used  for  determining  particulate  concentration  were  autoclaved, 
weighed,  and  placed  in  sealed  pewter  dishes  by  the  AEDC  Chemical  Laboratory.  After 
one  of  the  prepared  filters  was  placed  in  the  filter  holder,  the  gas  flow  totalizer  was 
set  to  zero,  and  the  gas  sample  flow  was  then  established  through  the  filter.  Each  filter 
remained  in  the  filter  holder  until  an  entire  probe  survey  (horizontal  or  vertical)  was 
completed.  After  a  probe  survey,  which  required  from  one-half  to  one  hour,  the  gas  flow 
was  terminated,  the  gas  flow  totalizer  was  read  and  recorded,  and  the  filter  was  removed 
from  the  holder,  replaced  in  the  pewter  dish,  and  sealed.  The  filters  were  then  returned 
to  the  Chemical  Laboratory  for  weighing  to  determine  the  mass  of  the  particulates  captured. 

The  electrostatic  grids  were  prepared  by  the  DOT  and  were  sealed  in  test  tubes. 
To  obtain  an  electrostatic  grid  sample,  the  grid  was  removed  from  the  test  tube  and  was 
inserted  into  the  retainer  on  the  electrostatic  precipitator.  A  potential  of  40  v  was 
maintained  on  the  precipitator  for  a  period  of  60  sec  while  engine  exhaust  was  passed 
through  the  unit.  After  the  60  sec,  the  grid  was  removed  and  sealed  in  the  test  tube 
once  again.  The  exposed  grids  were  returned  to  the  DOT  for  analysis,  A  minimum  of 
seven  electrostatic  grid  samples  were  taken  for  either  the  horizontal  or  vertical  probe  survey 
at  each  engine  power  setting,  Mach  number/altitude  condition,  and  axial  probe  location. 
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SECTION  IV 

RESULTS  AND  DISCUSSION 

Exhaust  emission  data  were  obtained  at  three  axial  stations  downstream  of  the  nozzle 
exit  of  a  J8S-GE-5  turbojet  engine  (XP/DN  =  G.22  (nozzle  exit  station),  9.3  (mid  station), 
und  19,9  (aft  station)]  at  two  simulated  flight  conditions  (Mach  1.6/55,000  ft  and  Mach 
2.0/65,000  ft)  for  two  engine  power  settings  (military  and  partial  afterburning).  A 
theoretical  calculation  and  measured  total  temperature  profiles  of  the  exhaust  plume  for 
Mach  2.0/65,000  ft  are  shown  in  Fig.  12.  A  discussion  of  the  more*  significant  results 
obtained  is  given  in  the  following  sections. 

4.1  INLET/ENGINE  CONDITIONS 

The  engine  was  operated  at  military  power  (92-deg  power  lever  ar^le)  and  at  partial 
afterburning  power  (107.5-deg  power  lever  angle)  which  were  held  constant  (constant  fuel 
flow)  throughout  the  test  for  each  of  the  two  free-stream  test  conditions.  The  inlet  was 
operated  at  a  fixed  operating  point  for  each  free-stream  Mach  number.  The  nominal 
free-stream  arid  engine/inlct  operating  conditions  are  listed  in  Table  VI.  Any  slight  variations 
in  the  inlet  or  engine  operating  conditions  were  essentially  eliminated  by  the  presentation 
of  the  data  in  the  form  of  an  emission  index  which  normalizes  the  data.  The  steady-state 
distortion  at  the  compressor  face  produced  by  the  inlet  is  shown  in  Fig.  13  for  the  two 
Mach/altitudc  conditions. 

4.2  GASEOUS  EMISSIONS 

The  primary  objective  of  the  test  was  to  determine  the  influence  of  an  external 
supersonic  free  stream  on  the  emission  characteristics  in  the  exhaust  plume  of  a  turbojet 
engine  which  was  capable  of  operating  at  conditions  similar  to  those  of  supersonic 
transports.  One  of  the  first  steps  taken  to  investigate  the  exhaust  emissions  was  to  calculate 
the  expansion  of  the  exhaust  plume  into  an  external  supersonic  flow  field  using  known 
engine  exhaust  performance  parameters.  The  plume  boundaries  and  profiles  shown  in  Fig. 
12  were  calculated  using  the  procedure  discussed  in  Appendix  IV. 

4.2.1  Comparison  of  Axial  Probe  Position 

The  variation  of  the  emission  characteristics  for  values  of  CCO,  CCCh,  CNOx,  C'NO, 
and  (CNOj)calc  shown  in  Fig.  14  for  Mach  1.6/55,000  ft,  follow  the  trends  of  the 
temperature  in  Fig.  14a.  It  is  noted  that  a  rather  uniform  distribution  of  these  parameters 
exists  at  the  nozzle  exit  station,  but  the  concentrations  and  temperature  decrease  toward 
the  outer  edge  of  the  plume  for  the  mid  and  aft  stations.  This  is  the  result  of  the  mixing 
region  that  exists  in  the  downstream  plume,  The  concentrations  of  THC  are  not  uniform 
at  the  nozzle  exit  for  the  military  power  setting  (Fig.  ! 4b)  because  of  continued  burning 
which  occurs  at  a  radial  position  equal  to  the  location  of  the  afterburner  flame  holders. 
Complete  burning  takes  place  on  the  nozzle  centerline,  The  CTHC  profile  changes  as  the 
How  moves  downstream  in  the  plume. 
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Measured  and  calculated  values  of  CNOj  (calculated  CNOj  ~  CNO*  -CNQ)  ate  shown 
in  Fig.  14d.  Although  the  measured  values  of  CNO2  are  in  error  for  most  of  the  data 
presented,  they  have  been  shown  to  give  other  investigators  a  feeling  for  the  problems 
which  occur  in  attempting  this  measurement  using  continuous  sampling  techniques  with 
existing  instrumentation.  The  performance  of  the  CNO2  instrument  is  discussed  further 
in  Appendix  III.  Corrections  can  be  applied  to  some  of  the  measured  CNOj  data  by 
accounting  for  a  zero  drift  initially  and  a  contamination  of  the  measuring  cells  beyond 
the  centerline  point  for  values  of  -R^/Rn  (sampling  moved  from  +  to  -  values  of  Rp/Rn  )• 

The  calculated  emission  indices  which  are  presented  in  Figs.  I4e  through  g  show 
similar  trends  to  the  concentrations  results,  however,  the  values  of  El  did  not  drop  off 
to  their  free-stream  values  at  the  same  value  of  Hp/K^  as  did  the  concentration  parameters, 
This  is  believed  to  be  the  result  of  the  small  magnitude  of  the  parameters  at  military 
power,  and  because  of  the  variations  in  CTHC.  The  emission  index  number  which  is 
discussed  in  Section  4.2.7  is  a  mass-flow  integration  of  the  concentration  profiles  (see 
Appendix  V)  and  gives  p  more  accurate  number  than  can  be  obtained  from  a  weighted 
average  of  the  profile  plots  of  the  emission  index. 

4.2.2  Effect  of  Mach  Number  and  Altitude 

Although  tlte  results  from  only  two  Mach  number  and  altitude  test  conditions  are 
available  for  comparison,  a  comparison  of  the  Mach  2,0/65,000  ft  data  in  Fig.  15  with 
the  Mach  1.6/55,000  ft  data  in  Fig.  14  for  military  engine  power  shows  some  changes 
in  tltc  temperature  and  pressure  profiles  as  a  result  of  additional  plume  expansion  at  higher 
altitudes.  In  general,  t lie  oxides  of  nitrogen  were  higher  for  tlte  Much  2.0/65,000  ft 
conditions,  but  the  CC’O  levels  arc  nearly  the  same  at  the  exit  plane  for  the  two  conditions. 
The  Mach  1.6/55,000  ft  mid  position  CCO  level  was  considerably  higher  than  the  Mach 
2.0/65,000  ft  level.  This  ievel  was  also  higher  than  that  obtained  at  the  exit  plane,  and 
the  reason  for  this  is  yet  unexplained.  There  seemed  to  be  little  difference  in  the  measured 
hydrocarbons  for  the  two  conditions.  Plots  of  the  emission  indices  show  no  appreciable 
change. 

The  same  general  comment?  made  for  a  comparison  of  the  data  for  a  military  power 
apply  to  tlte  afterburning  pow'er  data  shown  in  Figs.  16  and  1 

4.2.3  Effect  of  Engine  Power 

A  comparison  of  the  military  and  afterburning  power  for  either  Mach  1.6  or  2.0 
shows  that  the  temperature  on  the  nozzle  centerline  is  slightly  higher  at  the  mid  station 
(Fig.  1  oth  This  can  be  accounted  for  by  continued  burning  that  occurs  in  the  plume, 
as  evidenced  by  the  large  reduction  in  THC  on  the  centerline  at  the  mid  station.  The 
additional  plume  expansion  at  Macii  2.0/65,000  ft  also  results  in  more  of  the  hydrocarbons 
being  burned  as  shown  in  Fig,  17b.  The  other  concentrations  follow  very  closely  the 
variation  in  total  temperature. 


AIOC‘TR‘75'103 


4.2.4  Effaot  of  Radial  Probe  Position 

A  question  of  the  validity  of  a  single  radial  survey  through  the  plume  arose  early 
in  the  test  program,  Because  of'  this  more  than  one  radial  across  the  plume  at  a  given 
probe  station  was  surveyed  to  obtain  an  accurate  indication  of  the  emission  profiles.  Figure 
18  shows  a  three-dimensional  comparison  of  the  horizontal  and  vertical  surveys  at  each 
probe  station  for  Mach  1.6/55,000  ft.  This  shows  a  vivid  variation  in  the  profiles  at  the 
probe  stations.  To  obtain  a  more  accurate  comparison  of  the  variation  of  the  concentrations 
at  more  than  one  plane  at  a  given  station,  selected  comparisons  are  made  at  each  probe 
station,  Figures  19  and  20  show  these  variations  at  Mach  1 .6/55,000  ft  for  military  and 
afterburning  powers,  respectively,  at  the  exit  station.  Mach  2.0/65,000  ft  data  are  also 
added  to  Fig.  20  for  comparison.  These  show  little  if  any  vacation  in  the  emission 
characteristics  at  the  nozzle  exit,  with  the  exception  ',f  the  measured  CNO2  (Fig.  20d) 
whose  results  are  in  question. 

At  the  mid  probe  station  (Fig.  21),  a  change  in  the  profiles  is  noted.  It  is  believed  that 
the  decreased  concentration  at  s-Rp/Rs  for  the  vertical  survey  (which  is  in  the  top 
quadrant)  is  the  nacelle  strut  effect.  This  is  further  verified  by  the  pressure  data  in  Fig.  21a. 
At  the  aft  station,  (Fig.  22)  complete  mixing  lias  occurred  to  remove  any  noticable  variation 
in  the  emission  characteristics  for  the  planes  investigated. 

4.2.5  Comparison  with  Sea-Level-Static  Tests 

A  direct  comparison  of  the  wind  tunnel  exhaust  emissions  results  reported  here  and 
the  static  results  reported  in  Ref.  10  is  difficult  since  the  emission  data  reported  in  that 
reference  were  the  first  obtained  at  AliDC  and  used  a  different  probe  and  instrumentation 
system.  The  data  are  presented  here  primarily  to  point  out  that  emission  data  does  exist 
for  the  General  Electric  J85-5  turbojet  engine  at  both  sea-level-static  and  high  altitude 
flight  conditions.  Considerable  experience  was  gained  by  the  investigators  of  Ref.  10  as 
well  as  by  tiac  investigators  of  the  emission  measurements  for  the  J93  turbojet  engine 
(Ref.  5)  which  greatly  aided  in  preparing  for  the  test  program  reported  herein. 

The  frcc-strcam  conditions  and  an  estimate  of  the  burner  inlet  conditions  for  the 
J85  turbojet  engine  used  during  the  exhaust  emission  tests  are  given  in  Table  VII,  The 
pressure  and  temperature  were  calculated  from  data  obtained  for  the  J85  during  earlier 
tests  at  AFiDC.  Also  shown  are  the  exit  plane  values  of  the  emission  indices  for  each 
free-stream  condition  at  a  military  power  setting.  In  general,  with  the  exception  of  the 
carbon  monoxide  (CCO),  the  wind  tunnel  data  are  all  lower  than  the  sea-level  data,  at 
least  in  terms  of  concentration  on  a  parts  per  million  basis.  Neither  of  the  parameters 
shown  will  correlate  all  of  the  data;  however,  the  parameter  v/Fi  T;3  does  give  a  fair 
correlation  for  the  two  wind  tunnel  data  points  (excluding  CCO  and  CCO2).  It  is 
worth  noting  that  'Ire  emission  index  for  CCO  does  follow  the  general  trend  of 
decreasing  with  increasing  pT  V  as  shown  in  Ref.  1  3.  This  would  indicate  a  lower  combustion 
efficiency  lor  t he  wind  tunnel  operating  conditions.  On  the  other  hand,  the  unburned 
hydrocarbons  emitted  per  1000  pounds  of  fuel  burned  is  considerably  higher  at  the  sea-level 
operating  condition,  indicating  a  less  efficient  combustion  process. 
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Comparisons  of  the  exit  plane  profiles  for  the  gaseous  emissions  are  shown  in  Fig, 
23,  The  CCO2  levels  measured  during  the  wind  tunnel  tests  agree  very  welt  with  those 
calculates  from  Eq.  (V-7)  (Appendix  V)  and  the  measured  f/a,  CCO,  and  unburned 
hydrocarbon  concentrations.  However,  the  measured  value  of  CCOj  at  sea-level  appears 
to  be  approximately  0.5  percent  by  volume  higher  than  that  calculated  using  the  same 
procedure.  The  sea-level  calculation  was  adjusted  allowing  for  the  small  difference  in  the 
H/C  ratio  between  JP-4  and  JP-5  type  fuels.  The  f/a  ratio  giver,  in  Ref,  9  for  the  military 
power  setting  was  med  in  the  calculation.  Since  the  data  do  not  correlate  well,  not  a 
great  deal  of  effort  was  expended  in  trying  to  reconcile  differences  or  to  search  for  more 
appropriate  correlations. 

4.2.6  Comparison  of  Experimental  Data  and  Theoretical  Prediction* 

The  theoretical  values  of  the  properties  :n  the  plume  were  compuied  using  the  method 
described  in  Appendix  IV.  The  analysis  and  theoretical  calculations  were  performed  and 
presented  primarily  to  show  consistency  of  the  measured  species  and  plume  properties. 
As  will  be  shown,  the  overall  agreement  between  theory  and  experiment  was  good,  and 
the  experimental  data  can  be  seen  to  be  very  consistent  at  least  in  the  trends  which  were 
measured.  Several  deficiencies  exist  in  the  theory  which  could  be  corrected,  but  such 
modifications  were  not  within  the  scope  of  this  project.  As  pointed  out  in  Appendix 
IV,  the  turbulent  mixing  calculations  made  for  the  exhaust  plume  assume  that  the  exit 
plane  profiles  (the  plane  from  wh*ch  the  mixing  layer  calculations  were  started)  are  uniform. 
It  is  oovious  from  the  data  presented  that  this  was  not  quite  the  case  at  military  power 
and  was  never  the  case  when  operating  the  engine  at  a  partial  afterburning  power  setting. 
In  making  comparisons  of  the  plume  properties  at  the  exit  plane,  an  inviscid  core  flow 
is  combined  with  the  mixing  region.  The  inviscid  core  flow  was  computed  by  a  Method 
of  Characteristics  solution  (Ref.  14)  which  has  a  uniform  total  temperature  across  the 
exhaust  (i.e.  ideal  gas  assumed  at  appropriate  value  of  fie  specific  heat  ratio).  Although 
theoretical  calculations  were  made  for  the  four  conditions  at  which  emission  data  were 
obtained,  only  the  Mach  2.0/65,000  ft,  military  and  partial  afterburning  conditions  are 
shown.  The  agreement  (or  lack  of  agreement)  is  the  same  for  the  Mach  1,6/55,000  ft 
conditions.  Figure  24  shows  the  comparison  between  theory  unri  experiment  for  the  three 
axial  locations  of  the  probe  with  the  frec-stream  conditions  of  Mach  2,0/65,000  ft  and 
military  engine  power  setting,  The  engine  parameters  corresponding  to  this  power  setting 
are  shown  in  Table  VI.  Shown  in  Fig.  24  are  the  variations  of  impact  pressure,  total 
temperature,  and  concentrations  of  carbon  dioxide  (CO2),  carbon  monoxide  (CO),  and 
the  oxides  of  nitrogen  (NO  and  NOx)  with  both  exhaust  plume  radius  and  axial  position. 
Figure  24a  shows  the  comparison  of  the  measured  and  predicted  impact  pressure.  This 
parameter  was  presented  to  illustrate  that  a  complex  shock  wave  pattern  may  exist  in 
the  wind  tunnel.  The  impact  pressure  (pitot  pressure)  is  sensitive  to  Mach  number  through 
the  pressure  recovery  ana,  hence  is  sensitive  to  expansions  or  recompressions  in  the  flow. 
As  a  result,  the  agreement  oetween  experiment  and  tncory  is  not  goo  i  at  the  two 
down-stream  probe  positions.  An  estimate  of  the  shock  wave  pattern  which  may  exist 
is  shown  in  Fig.  25,  Unfortunately  the  shadowgraph  coverage  of  a  region  approximately 
3  ft  square  on  the  tunnel  centerline,  was  not  adequate  to  ob^eive  the  shock  waves  as 
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pictured,  with  the  exception  of  the  Mach  number  1.6  cowl  lip-inlet  spike  reflection.  This 
reflection  passes  Just  aft  of  the  engine  exit  plane  and  was  observed  in  the  shadowgraphs 
obtained.  The  obvious  question  is  whether  the  presence  of  reflected  shock  waves  affect 
the  concentration  of  pollutants  in  the  exhaust  plume.  The  good  agreement  shown  in  Fig. 
24  shows  no  discernible  effects  of  the  shock  wave  structure.  A  comparison  of  the 
experimental  with  the  theoretical  results  in  Fig.  24  shows  total  temperature  profiles  in 
good  agreement.  The  outer  mdlus  of  the  plume,  where  the  temperature  approaches  free 
stream,  was  somewhat  larger  than  that  predicted  by  the  theory,  However,  the  radius  of 
the  plume  implied  by  the  point  where  the  concentrations  approach  the  free-stream  levels 
agree  very  well  with  the  theoretical  prediction  of  the  plume  radius.  The  CCO  reaches 
a  peak  at  a  higher  value  at  tile  plume  centerline  for  the  probe  in  the  mid  position  than 
at  the  exit  plane.  The  frozen  chemistry  assumption  does  not  appear  to  hold  for  the  CCO 
in  the  in  viscid  portion  of  the  plume.  The  CCOj,  CNO,  and  CNOx  agree  very  well  with 
the  theoretical  predictions  and  exhibit  classical  fully  mixed  plume  profiles.  There  docs 
not  appear  to  be  any  afterburning  in  the  exhaust  plume  because  of  the  low  levels  of 
unburned  hydrocarbons  that  were  measured.  No  comparison  of  the  hydrocarbons  is  made 
since  the  levels  measured  are  near  the  lower  limit  where  the  flame  ionization  technique 
can  be  considered  reliable  and  are  also  near  the  free-stream  level  of  the  wind  tunnel. 
The  static  temperature  and  How  velocity  arc  shown  in  Figs.  24g  and  It.  Doth  the  static 
temperature  and  flow  velocity  are  computed  from  the  experimentally  measured  values 
of  the  impact  pressure  and  the  total  temperature  measured  by  the  method  described  in 
Appendix  V  for  computing  the  emission  indices.  The  results  show  that  agreement  of  the 
profiles  at  the  exit  plane  is  not  very  good,  but  as  the  plume  mixing  continues  the  theoretical 
calculations  are  in  better  agreement.  There  are  two  sources  of  possible  error  in  obtaining 
the  static  temperature  and  flow  velocity:  one  is  in  the  inaccuracies  in  the  theoretical 
analysis,  and  the  second  is  the  inaccuracies  involved  in  computing  properties  in  front  of 
the  shock  wave  from  the  measured  impact  pressure  and  total  temperature.  The  centerline 
decay  of  the  concentrations  and  the  total  temperature  are  shown  in  Fig.  26  compared 
with  the  theoretical  predictions.  Again,  except  for  two  data  points,  the  plume  properties 
agree  quite  well  with  the  turbulent  mixing  calculations.  Note  that  the  plume  becomes 
fully  mixed  at  approximately  3.05  m  (10  ft)  downstream  of  the  exit  plane. 

A  comparison  of  the  theoretical  and  experimental  results  is  made  in  Figs.  27  and 
28  for  the  Mach  2.0/65,000  ft  conditions  and  the  partial  afterburning  engine  setting 
conditions  given  in  Table  VI.  Because  of  the  continual  combustion  taking  place  outside 
the  engine  in  the  inviscid  portion  of  the  plume,  the  e  was  very  poor  agreement  between 
the  theory  and  the  experiment  so  that  only  a  comparison  of  the  impact  pressure,  total 
temperature,  and  CCOj  arc  shown.  In  order  to  make  accurate  theoretical  predictions  of 
the  plume  behavior,  it  becomes  necessary  to  take  into  account  the  effect  of  combustion 
on  the  conditions  at  the  internal  boundary  of  the  mixing  region.  It  is  interesting  to  note 
that  the  plume  appears  to  become  fully  mixed  in  approximately  the  same  axial  distance 
for  afterburning  as  the  military  case.  Once  the  plume  is  mixed,  iL  behaves  similar  to  the 
military  case  for  the  downstream  positions.  If  the  profiles  at  the  mid  and  aft  probe  positions 
and  the  plume  radius  arc  normalized  with  the  centerline  values  of  the  properties,  they 
agree  with  the  corresponding  normalized  theoretical  profiles.  The  effect  of  afterburning 
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on  the  concentration  levels  and  total  temperature  are  shown  clearly  in  Fig.  28  by 
comparison  of  the  experimental  and  theoretical  centerline  decay  of  the  flow  properties. 

An  additional  check  on  the  validity  and  consistency  of  the  afterburning  data  can  be 
made  by  compuring  cither  the  fuel-air  ratio  implied  from  the  measured  CCO2,  CCO,  and 
unburnta  hydrocarbons  used  in  Eq.  (V-7)  of  Appendix  V,  with  that  implied  by  the 
measured  total  temperature;  or  by  comparing  the  CCO2  levels  computed  from  Eq.  (V-7) 
using  the  fuel-air  ratio  implied  from  the  total  temperature  and  the  measured  values  of  CCO 
and  unburncd  hydiocarhons.  Figure  29  shows  the  CCO2  levels  computed  with  those 
measured  at  the  exit  plane  lor  the  Mach  2.0  afterburning  case.  The  fuel-air  ratio  necessary, 
at  100-percent  combustion,  to  produce  the  measured  total  temperatures  across  the  exhaust 
is  obtained  from  combustion  temperature  versus  fuel-ait  ratio  curves  for  a  hydrocarbon  fuel 
with  the  same  heating  value  as  JP-5.  The  fuel-air  ratios  along  with  the  measured  CCO  and 
unburned  hydrocarbons  are  substituted  into  Eq.  (V-7).  It  is  seen  that  the  agreement  is  good 
both  in  level  and  shape,  which  implies  that  the  measurements  of  total  temperature,  CCO, 
and  unburncd  hydrocarbon  levels  are  consistent  with  one  another.  One  additional  comment 
might  be  made  concerning  the  unburned  hydrocarbon  levels  at  the  exit  plane  for  tne 
afterburning  condition.  Figure  17b  shows  a  local  fuel-air  ratio  of  approximately  0.0078  at 
the  centerline  of  the  engine.  If  one  computes  the  temperature  rise  that  results  from  the 
combustion  at  that  fuel-air  ratio  and  adds  that  to  the  centerline  value  of  the  exit  plane 
temperature  (from  Fig.  27,  TTJ  “  2040°F)  a  value  of  2600°R  is  obtained.  It  can  be  seen 
from  the  middle  position  profile  in  Fig.  27  that  a  value  of  approximately  25 7 0"R  was 
measured,  indicating  that  combustion  was  nearly  complete  at  the  centerline  before  the 
exhaust  plume  became  fully  mixed. 

Finally,  it  should  be  noted  that  all  of  the  experimental  data  that  have  been  compared 
with  the  theoretical  predictions  were  obtained  with  the  probe  being  swept  in  the  horizontal 
plane.  Also  these  data  are  shown  as  distance  from  the  tunnel  centerline  to  which  the 
probe  was  referenced.  It  can  be  seen  that  peak  values  of  the  plume  properties  are  displaced 
fre>m  the  tunnel  centerline.  It  was  found  that  the  engine  installation  was  slightly  yawed 
(*s  0.3  deg)  in  the  tunnel  causing  the  plume  to  be  off  the  tunnel  centerline.  The  theoretical 
profiles  were  shifted  so  that  the  theoretical  centerline  values  were  matched  wjth  the  peak 
values  of  the  experimental  data.  The  fact  that  the  exhaust  was  slightly  yawed  ca  further 
be  seen  in  the  CCO2  of  Fig.  24  by  observing  that  levels  to  the  left  side  of  the  tunnel 
centerline  are  slightly  higher  than  the  theory,  thereby  exhibiting  the  behavior  observed 
when  a  jet  is  placed  in  a  cross  flow.  The  experimental  data  obtained  at  Mach  1.6  does 
not  Jiow  as  much  skewness  since  the  tunnel  dynamic  pressure  was  considerably  higher 
ana  prevented  the  exhaust  from  penetrating  the  tunnel  flow  as  much,  thereby  reducing 
the  cross-flow  component  to  almost  zero, 

4.2.7  Emission  Indices 

Since  the  plume  profiles  were  not  completely  uniform,  the  emission  indices  were 
calculated  using  an  integrated  mass  technique,  The  gas  properties  were  calculated  from 
the  measured  impact  pressure  and  total  temperature.  "»  he  mass  flux  of  the  species  being 
emitted  was  then  divided  by  an  integration  of  the  experimental  point-by-point  values  of 
CC02.  CCO,  and  CTHC  which  respresented  the  fuel  flow.  The  method  and  procedure 
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is  described  in  Appendix  V,  This  procedure  is  complicated  by  the  relatively  few 
experimental  points  taken  across  the  plume  which  makes  numericul  integration  difficult; 
however,  it  was  felt  that  an  integration  of  the  emitted  species  provided  a  more  realistic 
evaluation  of  the  emission  index.  An  analysis  of  the  calculated  emission  index  as  a  function 
of  the  axial  distance  from  the  exit  plane  provides  information  on  the  influence  of  external 
stream  mixing  on  emission  characteristics.  If  the  emission  index  of  a  species  is  nearly 
constant  as  a  function  of  axial  position,  then  there  has  been  a  conservation  of  species 
and  either  no  significant  reactions  have  taken  place  during  the  plume  mixing  or  no 
afterburning  occurred  outside  the  engine.  Table  VIII  shows  the  values  of  the  emission 
indices  obtained  at  each  axial  location  for  each  gaseous  emission  measured.  (Values  for 
the  military  case  from  Ref.  9  are  shown  for  comparison.)  Several  observations  can  be 
made  concerning  the  values  shown  starting  with  the  first  column  and  procedlng  across 
the  table.  The  EICO2  is,  as  expected,  nearly  constant  since  the  CCO2  level  depends 
primarily  on  the  fuel-air  ratio  and  combustion  efficiency.  Very  good  agreement  is  seen  at 
military  power  for  Mach  1.6  and  2.0, 

The  E1THC  at  the  exit  plane  is  very  low  for  military  power  although  the  Mach  2 
conditions  are  almost  a  factor  of  two  higher.  The  results  show  that  the  EITHC  also  increases 
with  axial  distance.  This  can  be  attributed  to  the  entrainment  of  hydrocarbons  from  the 
tunnel  (low,  which  for  the  military  power  setting  had  tunnel  levels  (6  to  10  pptnv)  that 
were  a  significant  fraction  of  those  measured  at  the  exit  plane.  An  estimate  of  the  increase 
in  EITHC  at  the  mid  and  aft  probe  stations  for  the  Mach  2.0,  military  condition  was 
made  by  using  the  tunnel  levels  of  the  THC  measured  at  the  engine  inlet  and  the  theoretical 
entrainment  rates  for  the  turbulent  mixing  calculations.  The  calculated  EITHC  values, 
considering  those  CHTC  entrained  (shown  in  parenthesis),  show  that  the  increase  is  not 
unexpected.  The  difference  in  the  value  calculated  and  that  found  by  integratim  ..e  profile 
at  the  aft  position  is  probably  due  to  the  fact  that  the  theoretical  plume  racu  is  smaller 
than  that  used  in  the  integration  of  the  experimental  data.  This  would  give  less  entrainment, 
and  hence,  a  lower  value  for  EITHC,  The  level  of  the  CTHC  in  the  tunnel  was  not  significant 
enough  to  affect  the  EITHC  computed  for  the  afterburning  power  setting,  During 
afterburning  power,  the  EITHC  increased  from  the  exit  to  the  mid  plane  probe  station. 
One  possible  explanation  for  this  increase  can  be  given  even  though  combustion  takes 
place.  It  appears  that  the  engine  may  have  emitted  significant  level  of  unburned 
hydrocarbons  around  the  periphery  of  the  nozzle  that  were  not  detected  at  the  exit  plane 
because  the  radial  probe  travel  was  limited.  Evidence  of  this  can  be  seen  from  Figs.  16b 
and  I  /b  which  show  isolated  points  of  high  levels  of  unburned  hydrocarbons  out  near 
the  edge  of  the  jet.  These  were  mixed  with  the  colder  external  stream  and  were  not 
consumed  during  combustion.  The  unburned  hydrocarbons  were  then  mixed  and 
subsequently  measured  at  the  next  two  axial  locations.  The  most  reliable  EITHC  for  these 
particular  conditions  would  probably  be  that  measured  at  the  aft  position  since  the  amount 
entrained  from  the  tunnel  flow  was  very  much  lower  than  the  levels  in  the  plume. 

The  EICO  values  are  fairly  consistent  for  a  given  power  setting  showing  an  increase 
witli  afterburning,  At  the  present,  no  good  reason  can  be  given  lor  the  apparent  increase  in 
the  CO  levels  at  the  mid  position  lor  the  military  conditions  since  no  instrumentation  errors 
occurcd  during  these  measurements. 
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The  emission  Indices  of  the  oxides  of  nitrogen  are  almost  the  same  for  each  axial 
location  and  show  the  correct  trends  between  the  different  tunnel  and  engine  conditions. 
The  EINOx  for  each  condition  shown  exhibits  the  best  behavior  as  far  as  being  constant 
for  each  axial  location  and,  as  discussed  in  Section  4.2.5,  correlating  with  the  parameters 
shown.  Since  trouble  was  experienced  with  the  NOj  instrument,  the  EINO2  values  are 
obtained  for  the  CNOj  levels  computed  from  the  measured  CNO  and  CNOx.  This  results 
in  a  well-behaved  trend  which  follows  the  EINO  and  EINOx. 

It  is  felt  that  the  emission  indices  given  in  Table  VIII  as  computed  from  Eq.  (V-5) 
Appendix  V,  are  very  reliable  since  any  errors  involved  in  numerical  integration  and  in 
computing  the  gas  properties  tend  to  cancel  out  when  the  two  integrals  in  Eq.  ( V-S) 
are  divided.  A  check  on  the  numerical  Integration  was  made  by  comparing  the  integrated 
fuel  flows  at  the  exit  plane  with  those  measured  by  a  flowmeter  during  the  engine 
operation.  The  best  agreement  was  a  calculated  fuel  flow  within  2.7  percent  of  the  measured 
value  at  the  Mach  2.0  military  condition,  and  the  worst  was  a  20-percent  difference  at 
the  Mach  1.6  military  condition  with  the  calculated  values  always  being  higher.  These 
errors  ore  traceable  to  not  being  able  to  properly  define  the  edge  of  the  plume  where 
ail  of  the  flow  properties  return  to  their  free-stream  values. 

4.3  PARTICULATE  EMISSIONS 

The  results  of  the  particulate  emission  measurements  using  the  electrostatic  grid 
(Section  2.3.5)  will  be  the  sub.icct  of  a  later  report  by  DOT.  Although  the  analysis  of 
the  electrostatic  grid  with  an  electron-microscope  are  not  available  for  inclusion  in  this 
report,  DOT  has  reported  verbally  that  initial  analysis  of  the  grids  Indicates  a  very  low 
particle  distribution.  This  agrees  also  with  the  gravimetric  filter  results.  A  very  low  ratio 
of  particle  weight  to  mass  flow  through  the  filter  (g/SCF)  resulted  during  the  test  with 
the  highest  weight-mass  flow  occurring  at  the  nozz’e  exit  station  during  afterburning.  The 
results  of  the  gravimetric  filter  analysis  are  shown  in  Table  IX.  An  attempt  was  made 
to  plot  the  results  as  a  function  of  axial  probe  position,  engine  power,  and  lest  condition 
in  Fig.  30.  Although  there  is  a  general  trend  toward  a  decrease  in  the  weight-to-mass 
flow  ratio  with  axial  position  downstream  of  the  nozzle  exit,  the  results  are  inconclusive 
because  of  certain  uncontrolled  variables  such  as  the  amoun"  of  time  the  probe  was  at 
a  given  sampling  point  for  each  test  condition.  The  requirement  to  cool  the  turbojet  engine 
every  15  min  during  afterburning  and  the  probability  of  generating  a  different  particle 
distribution  when  a  return  to  the  power  setting  was  made  on  a  given  survey  also  introduce 
a  variable  in  the  analysis. 

During  an  investigation  of  the  particulate  emissions  at  static  sea  level  for  this  same 
engmc  (Ref.  10),  it  was  reported  that  no  visible  smoke  was  produced.  Posttest  inspection 
of  the  sample  line  also  revealed  no  major  accumulation  of  carbon  deposits. 
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SECTION  V 

SUMMARY  OF  RESULTS 

The  exhaust  emissions  were  measured  at  tl'.ree  axial  stations  in  the  exhaust  plume 
of  a  J85-GE-5  turbojet  engine  while  operating  at  two  simulated  high  altitude  test  conditions 
with  a  supersonic  external  stream,  Two  Mach  numbers  and  two  engine  power  settings 
were  investigated  for  each  axial  sample  probe  position.  A  continuous  sampling  technique 
was  used  to  measure  the  emission  constituents,  The  experimental  data  were  compared 
with  theoretical  predictions  of  the  emission  characteristics.  The  major  results  of  the  test 
program  are  summarized  below: 

1.  The  eonsitituents  of  the  exhaust  including  concentrations  of  carbon  dioxide, 
carbon  monoxide,  total  unburned  hydrocarbons,  oxides  of  nitrogen,  and 
particulates  were  measured  successfully  at  three  axial  stations  (0.22,  0.3, 
and  l‘).9  nozzle  diameters!  downstream  of  the  nozzle  exit  for  both  military 
and  partial  afterburning  engine  power  at  Mach  numbers  and  simulated 
altitudes  of  Mach  1 ,0/55,000  ft  and  Mach  2.0 /(i5. 000  ft. 

2.  The  mixing  with,  the  external  free  stream  did  not  result  in  further  reaction 
of  the  gas  constituents,  other  than  the  conditions  where  combustion  was 
occurring  in  the  exhaust  plume.  A  calculation  of  the  emission  indices  at 
the  three  axial  stations  in  the  exhaust  plume  indicate  that  no  significant 
reaction  of  tlie  oxides  of  nitrogen  occurred. 

3.  The  effect  of  the  external  supersonic  stream  and  resulting  mixing  on  the 
exhaust  emission  concentrations  was  predicted  theoretically  and  was  in  good 
agreement  with  the  experimental  concentration  profiles.  This  should  provide 
validity  to  the  experimental  results. 

4.  The  existence  of  the  re  Hoc  ted  shocks  in  the  tunnel  had  no  discernible  effect 
on  the  emission  concentrations. 
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APPENDIX  III 

ilTROGEN  DIOXIDE  INSTRUMENTATION  DEFICIENCIES 

The  Beckman  Nondispersive  Ultraviolet  long  path  analyzer,  which  was  used  to  measure 
concentrations  of  nitrogen  dioxide  (CNOj),  was  the  only  instrument  that  gave  questionable 
results.  Since  there  was  no  consistent  method  of  correcting  these  results,  they  are  presented 
as  measured  without  any  corrections. 

The  results  indicate  that  the  Instrument  exhibited  both  zero  shifts  and  an  increase 
in  the  measured  value  with  time  because  of  some  contamination  of  the  sample  cell,  A 
typical  plot  of  these  characteristics  is  shown  in  the  following  figure: 


A  comparison  of  the  measured  and  calculated  CNO2  shows  a  greater  shift  in  the  results 
at  afterburning  power.  Checks  of  the  instrument  sensitivity  to  water  vapor  prior  to  the 
test  did  not  show  an  appreciable  influence  on  the  performance  of  the  instrument,  Table 
111  shows  considerable  conversion  (16.2  to  34.3  percent)  of  the  CNO2  into  CNO  in  the 
sampling  line  and  analyzer.  This  does  not  explain  the  increase  in  CNO2  with  time. 


Modifications  were  made  during  the  test  to  increase  the  rigidity  of  the  light  source 
and  of  the  phototube  which  greatly  decreased  the  zero  shift  sensitivity.  However,  the 
contamination  effect  was  not  improved.  Calibration  of  the  instrument  every  two  hours 
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was  not  sufficient  to  eliminate  the  shift  and  in  many  cases  the  contamination  effect  was 
noted  immediately  after  calibration.  A  further  check  of  the  sensitivity  of  the  instrument 
to  methane  introduced  in  the  sampling  probe  did  not  affect  the  instrument.  During  the 
test,  an  accumulation  of  a  yellow  deposit  In  the  sample  line  approaching  the  NO2 
Instrument  was  observed.  The  instrument's  performance  showed  a  noticeable  improvement 
when  the  lines  were  cleaned. 

It  should  be  noted  that  the  manufacturer  replaced  the  gold  anodized  sample  cell 
with  a  Monel  steel  sample  cell  at  the  beginning  of  the  test  to  correct  irregularities  in 
the  operation  which  were  attributed  to  pitting  of  the  anodized  gold  on  the  sample  cell. 
This  change  resulted  in  increased  sensitivity  to  the  unbalance  in  light  reflected  through 
the  gold  reference  cell  and  the  Monel  steel  sample  cell.  It  is,  therefore,  understandable 
that  any  accumulation  of  deposit  on  the  sample  cell  would  cause  a  further  shift  in  the 
calibration.  It  is  recommended  that  a  systematic  Investigation  of  the  Instrument’s  sensitivity 
to  contaminants  (such  as  heavy  hydrocarbons  that  can  condense  in  the  sample  cell  at 
338“K  (61G°R)  be  made  before  the  Instrument  is  used  to  measure  CNO2  in  the  exhaust 
of  a  turbojet  engine. 
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APPENDIX  IV 

THEORETICAL  CALCULATIONS  OF  EXHAUST  PLUME  PROPERTIES 

Theoretical  predictions  of  the  exhaust  plume  properties  (i.e,  total  temperature,  impact 
pressure,  concentrations)  as  a  function  of  both  the  axial  distance  from  the  engine  exit 
plane  and  the  plume  radius  were  made  using  the  turbulent  mixing  layer  version  of  the 
turbulent  boundary-layer  calculation  procedure  given  in  Ref.  16,  The  calculation  procedure 
utilizes  a  numerical,  implicit,  finite  difference  method  to  solve  the  equations  of  continuity, 
energy,  and  conservation  of  species.  Boundary-layer  assumptions  are  used  in  deriving  the 
conservation  equations,  and  a  Prandtl  mixing  length-eddy  viscosity  model  is  used  to  relate 
the  mean  flow  properties  to  the  fluctuating  flow  properties.  Since  the  solution  is  an  implicit 
difference  scheme,  it  is  necessary  to  supply  a  set  of  initial  conditions  in  terms  of  mixing 
region  profiles  (total  temperature,  velocity,  and  concentration),  initial  thickness  of  the 
mixing  region,  and  the  conditions  at  the  edges  of  the  mixing  region.  The  Initial  conditions 
for  the  tests  reported  herein  were  computed  using  a  flow  model  shown  in  the  following 
sketch. 
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The  invlseid  flow  field  was  generated  under  the  following  assumptions; 

1.  Tunnel  free-stream  conditions  existed  on  the  engine  nacelle  ahead  of  (he 
nacelle  boattail. 

2.  Because  of  the  short  length  of  the  boattail,  a  simple  PrandthMeycr  expansion 
gave  the  boattail  conditions, 

3.  The  internal  nozzle  cooling  ah  was  neglected  in  the  nozzle  flow. 

4.  The  flow  between  the  nacelle  and  nozzle  shroud  was  neglected 
(measurements  of  the  total  and  •'He  pressure  at  point  A  showed  that  little 
or  no  flow  existed  in  the  annuius). 

5.  The  Internal  nozzle  flow  was  generated  from  a  Method  of  Characteristics 
solution  (Ref.  14)  using  the  engine  manufacturer's  specifications  for  the 
engine  core  (low. 

6.  The  pressure  at  point  A  (p*)  was  matched  between  the  extern. i  and  Internal 
flows. 


The  viscous  flow  was  computed  by  calculating  the  turbulent  boundaiy  layer  along  the 
engine  nacelle  and  the  internal  nozzle  wall.  The  initial  profiles  for  the  velocity,  temperature, 
and  concentrations  were  generated  by  matching  error  functions  at  the  reference  radius 
(Rror).  The  point  at  which  these  ia'ttat  profiles  were  calculated  was  somewhat  arbitrary 
and  in  the  cases  considered  was  2.54  cm  (1.0  in.)  downstream  of  the  nozzle  shroud  exit. 
This  position  becomes  more  critical  when  trying  to  compare  mixing  legion  properties  at 
the  first  axial  location  probed,  which  was  10,13  cm  (4,0  in.)  downstream  of  the  nozzle 
shroud  exit.  Unfortunately  tire  probe  was  not  traversed  through  the  mixing  region  at  that 
plane,  and  a  direct  comparison  is  not  possible.  The  following  table  gives  the  values  of 
the  flow  properties  used  as  initial  conditions  for  the  plume  mixing  calculations; 
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where  the  initial  profiles  are  given  by: 

Rfef  <  R  <  Re  u  *  um 

R|  <  P.  <  Rref  u  “  Um 


+  (U.  •  Um)  erf 
+  (U[  ■  um )  erf 


R  <  R,ef 


R  <!  Rrof 


/Rref  •  R\ 

T  --  Te  +  (T,  -  T0)  erf 
T  =  Tc 


The  concentration  profile  was  assumed  to  be  similar  to  the  temperature  profile  with 
-  0.0  and  X|  s  1.0,  and  Um  was  arbitrarily  set  at  30.S  rn/scc  (100  ft/sec).  This  was 
the  approximate  minimum  value  needed  to  eliminate  numerical  instabilities  in  the 
computations.  It  should  be  emphasized  that,  although  the  numerical  procedure  allows  for 
the  Inclusion  of  finite-rate  chemistry,  only  frozen  chemistry  is  programmed  and  all  the 
calculations  were  carried  out  assuming  frozen  chemical  composition.  By  assuming  that 
the  turbulent  transport  coefficient:;  (l.c. ,  the  turbulent  Schmidt  numbers)  are  the  same 
for  all  the  specie.,  in  the  exhaust  plume  and  frozen  chemistry,  only  one  conservation  of 
species  equation  needs  to  be  solved  since  the  initial  exit  plane  values  may  be  normalized 
to  unity.  An  obvious  assumption  made  in  the  viscous  mixing  calculations  is  that  of  uniform 
properties  in  the  inviscid  Hows  <,both  Internal  and  external).  As  shown  In  Fig.  27a  and 
b  this  assumption  is  grossly  in  error  for  the  afterburning  power  setting. 

The  thermodynamic  properties  of  the  mixing  region  are  computed  as  if  the  entrained 
uir  and  exhaust  gases  are  u  mixture  of  thermally  and  calorically  perfect  gases.  Real  gas 
curve  fits  arc  utilized  for  the  air  since  they  were  existing  In  the  numerical  program,  and 
curve  fits  arc  used  for  the  specific  heat  variation  with  temperature  for  the  exhaust  gases. 
The  real  gus  curve  fits  for  air,  being  developed  for  high  temperatures,  arc  in  error  at 
low  temperatures,  for  exumple,  at  700°R,  they  arc  25“R  too  low,  Comparisons  of  the 
theorcticu1  predictions  made  witli  the  above  method  and  the  experimental  data  are 
discussed  In  Section  4,2.5, 
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APPENDIX  V 

INTEGRATED  EMISSION  INDEX  CALCULATION  PROCEDURES 

Since,  in  most  aircraft  turbine  engines,  the  values  of  the  flow  properties  across  the 
exhaust  exit  plane  ure  not  uniform,  an  integrated  mass  flow  of  euch  species  will  give 
a  more  accurate  evaluation  of  the  pollutants  being  emitted.  The  usual  definition  of  th_ 
emission  index  can  then  be  applied  to  the  Integrated  mass  flows  of  each  species.  This 
can  be  done  in  the  following  manner:  Let  Cp  -  the  concentration  of  the  pth  species 
(given  In  ppmv  •  mole  fraction)  then, 


where  np  is  the  number  denstiy  of  the  p'1’  species  and  ng  is  the  number  density  of  the 
mixture.  The  flux  of  the  p,h  species  across  any  exhaust  plume  plane  in  terms  of  particles 
per  unit  time  Is 


2nJ  npugrdr 


(V-l) 


and  if  mp  represents  tiie  mass  of  a  pHl  particle,  then  the  mass  flew  is 

R  „ 


nY,  -  2nf  n  ni  u  r  dr 


(V-2) 


Let  mg  be  the  average  particle  mass  of  the  gas  mixture;  then  since 


n  m  m 
p  P  p 


- - C  »  — 

n  m  m  P  p 

«  «  « 


liq.  (V-2)  become. 


ni  R  [> 

-ri  «  2 n — /  C  p  u  ,  r  dr  (muss  'unit  time) 
^  ^  O  P  B  « 


(V-3) 


fhe  luel  burned  on  a  molar  basis  is  the  sum  of  the  moles  of  the  species  containing  all 
of  the  carbon  atoms  (the  carbon  emitted  in  the  form  of  particulates  will  be  neglected) 
so  that  the  fuel  flow  is 

m  |  R  P 

WFT  o  2u —  /  [(CO  +  CC02  -•  CTHC]psugr  dr (mass/unit  time)  (V-4) 

° 

Tire  mass  of  species  "p"  emitted  per  mass  of  fuel  burned  is  the  ratio  of  Eqs.  (V-3)  and 
(V-4).  If  the  product  of  pgugrdr  is  given  ir.  g/sec  (ibm/sec),  then  the  emission  index  is 
given  as 
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to  _  M  n 

El(c  )  -  1000  -  1000  rr'“r~ 

P  mf  Mf  ,HP. 


/v«  vrdr 


•/  [CCO  +  CC02  +  CTHClpg  ug  r  dr 
(g/kg  fuel),  (lbm/103  Ibm  fuel) 

where  the  molecular  weights  have  been  substituted  for  the  particle  masses. 


(V-5) 


The  integrals  In  Eq.  (V-5)  are  evaluated  using  a  simple  trapezoidal  integration  of 
the  experimental  data.  The  bulk  exhaust  gas  properties  are  computed  from  the  measured 
total  temperature,  impact  pressure,  and  static  pressure  at  the  plane  where  the  measurements 
were  made.  An  iteration  across  the  normal  shock  wave  in  front  of  the  sample  probe  is 
used  to  compute  the  free-strearn  conditions  ahead  of  the  shock  wave  (pg  and  ug).  The 
values  of  the  CC02  is  input  in  percent  by  volume,  and  tne  remaining  species  are  input 
as  parts  per  million  by  volume.  If  no  reactions  take  place  in  the  exhaust,  the  EI(CP) 
will  remain  constant  at  any  axial  location  downstream  of  the  engine  exit  plane.  In  addition, 
if  all  the  flow  properties  arc  uniform,  Eq.  (V-5)  reduces  to  the  usual  definition  of  the 
emission  index. 


EI(Cp)  “  0,1  m {  rco  '  c Til c  (V-6) 

1  -  +  (XO,  + - 

104  104 

where  Cp,  CCO,  and  CTHC  arc  given  in  ppmv  and  the  CCO2  is  given  in  percent  by  volume. 
Equation  (V-5)  has  been  used  in  this  report  to  calculate  the  emission  indices  with  the 
following  values  of  Mp/Mf: 


plh  Species 

Mp 

Mp/Mf 

JP5  Fuel 

14 

1.00 

CCO 

28 

2.00 

CCO  2 

44 

3.14 

CNO  (as  CNO2) 

46 

3.20 

CNOx  (as  CN02) 

46 

3.20 

cno2 

46 

3.29 

CNO 

30 

2.14 

CTHC 

14 

1.00 

where  i.hc  fuel  has  been  assumed  to  have  nearly  a  C/H  ratio  of  2.0  so  that  Mf  ~  12 
+  2  =  14.  These  values  are  in  agreement  with  those  recommended  by  the  SAE  Committee 
E-31  to  be  issued  in  SAE  ARP  1256  (Ref.  6). 

Equation  (V-4)  may  also  be  used  as  a  means  of  checking  the  experimental  data  for 
consistency.  As  noted,  if  the  profiles  are  uniform  across  the  exit  plane  of  the  engine 
exhaust,  Eq.  (V-4)  becomes: 
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M »  «, 

WFT  -  in  ^[CCO  +  CC02  +  CTHC]^  pg  uj  r  dr 

t 

which  reduces  to 


M, 

WFT  -  ”tCCO  +  CCO,  +  CTHC]  (WFT  +  W) 

Mg 

By  taking  the  usual  definition  of  the,  fuel-air  ratio  (f/a  s  WFT/W,),  the  above  equation  can 
be  solved  for  the  CCO2. 


CCO,  -  ^  - - [CCO  +  CTHC]  (V-7) 

Since  the  fuel-air  ratio  is  usually  known  to  a  greater  degree  of  confidence  than  the  measured 
concentrations,  Eq.  (V-7)  can  be  used  to  estimate  the  CC02  levels  expected  from  the 
measured  f/a,  CCO,  and  CTHC.  The  usual  procedure  of  calculating  a  fuel-air  ratio  and 
comparing  that  with  the  measured  value  can  also  be  used  as  a  check.  Equation  (V-7) 
can  also  be  applied  locally  In  the  exhaust  How  If  local  value  of  the  fuel-air  ratio  is  deduced 
from  the  measured  total  temperature  profile.  This  approach  can  be  used  for  afterburning 
power  settings  where  some  combustion  takes  place  externally  to  the  engine.  The  methods 
described  were  applied  to  the  experimental  data  obtained  during  the  tests  reported  herein, 
and  the  results  are  discussed  in  Section  IV. 
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